The use of functional repair components stored inside hollow reinforcing fibres is being considered as a self-repair system for future composite structures. The incorporation of a self-healing capability within a variety of materials, including fibre reinforced polymers (FRPs), has been investigated by a number of workers previously. This paper considers the placement of self-healing plies within an FRP to mitigate damage occurrence and restore mechanical strength. The flexural strength results indicate that the inclusion of hollow fibres results in an initial strength reduction of 16% from a baseline FRP laminate. However, the effect of impact damage on the performance of the baseline FRP laminate and the laminate containing the hollow fibre layers was comparable, with a flexural strength typically 72-74% of the undamaged state. Self-healing of the damage site saw the laminate recover 87% of the undamaged baseline FRP laminate's strength. This study provides clear evidence that an FRP laminate containing hollow fibre layers can successfully self-heal. This result suggests that biomimetic repair is now possible for advanced composite structures.
Introduction
It is now widely accepted by the composites industry that low energy impact to single-skin composite laminates can result in a drastic reduction in composite strength, elastic moduli, and structural durability and damage tolerance characteristics [1] [2] [3] [4] . Traditionally, once damage has been detected within a composite structure, the approach has been to design and undertake a cosmetic, temporary or structural repair [1, 5] . These repair designs range from simplistic external patches to complex intrusive tapered or stepped scarf repairs with the aim of restoring some or all of the laminate's stiffness and strength. However, structural composite repairs tend to be difficult and costly to apply and, therefore, composite engineers have started to design structures that have some form of damage tolerance, i.e. 'an ability for the structure to sustain representative weakening defects under representative loading and environment without suffering reduction in residual strength, for some stipulated period of service' [6] .
The adoption of repair and damage tolerance engineering approaches is based upon the assumption that the structure will be damaged during its operational life [7] . This is in direct contrast to the approach used in some living organisms that adopt safety strategies to protect against being damaged or develop self-healing methods to rapidly repair a damaged area [8, 9] . The concept of repair by bleeding of enclosed functional agents serves as the biomimetic inspiration for synthetic self-repair systems [10] . The mechanisms are extremely complex, but the principles of multi-stage repair processes, with multiple pathways, or multiple process redundancy are key examples where biological repair could inspire the development of structural self-repair processes for the future. This paper considers whether one form of biomimetic self-repair is now achievable for advanced fibre reinforced polymer composite structures. 
The function of self-healing hollow fibres
In the self-healing approach adopted by Bristol University, hollow glass fibres [11] [12] [13] [14] [15] [16] are used in preference to embedded microcapsules [17] [18] [19] because they offer the advantage of being able to store functional agents for composite self-repair systems as well as acting as a reinforcement. A typical hollow fibre self-healing approach used within composite laminates could take the form of fibres containing a one-part resin system, a two-part resin and hardener system or a resin system with a catalyst or hardener contained within the matrix material [20] . A schematic illustration of these approaches is shown in figure 1 .
The use of functional healing components stored inside composite materials to restore physical properties after damage has been advocated since the 1990s [21] .
The exact nature of the self-healing method will depend upon (1) the nature and location of the damage, (2) the potential selfhealing repair resins, and (3) the influence of the operational environment. The self-healing fibres could be introduced within the composite laminate as additional plies at each interface, at critical interfaces or as individual filaments spaced at predetermined distances within each ply. Only when the true nature of the damage within a composite laminate is understood will the use of self-healing hollow glass fibres be considered to offer an appropriate solution. A series of pseudo-impacts was imparted on the coupons using a static three-point bend flexural test to determine the nature and magnitude of the damage (this approach has been reported in previous work [14] ). The samples were indented using a hardened steel hemispherical indenter measuring 4.63 mm in diameter with the specimen back face supported by a steel ring (external diameter of 33 mm and internal diameter of 23 mm). Different load levels were used to introduce an indentation, representative of barely visible impact damage (BVID), into the composite laminate. After the initial study it was found that a load level of 1400 N was sufficient to generate a range of damage modes through the thickness of the composite without penetrating the laminate. A cross section of the damaged laminate (when viewed parallel and normal to the 0
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• fibre orientation) is illustrated in figure 2 . The damage formation apparent in figure 2 gives some insight into the identification of the critical failure interfaces within this particular laminate stacking sequence and, thereby, locations where self-healing filaments should be placed. When viewed along the 0
• fibre direction the critical failure interfaces are [+45
• /90 • ] above the mid-plane and [−45
• /90 • ] below the mid-plane of the specimen. When the damage is viewed along the 90
• fibre direction the critical failure interfaces are not as clearly defined. The damage is more widespread, with each ply interface having some level of damage throughout the • E-glass ply in the 16 ply stacking sequence of the composite laminate.
thickness of the laminate, suggesting that self-healing fibres should be positioned at all ply interfaces. In reality the damage will be interconnected and, therefore, one self-healing layer with sufficient volume of healing resin will be able to heal damage occurring over a number of different plies. This assumption must be verified before the final location of the self-healing plies can be precisely determined. However, in this study, the critical interfaces of [+45
• /90 • ] above the midplane and [−45
• /90 • ] below the mid-plane of the specimen were used for the location of the self-healing plies.
Self-healing laminate manufacture
In this research a self-healing laminate is defined as a standard composite laminate with additional self-healing layers introduced at critical interfaces. The self-healing layer contains a collection of individual hollow glass fibres with predetermined fibre spacing. The individual hollow filaments are drawn from a glass rod feedstock (8252 aluminosilicate, Schott Glass Ltd, Germany) to the required final external diameter.
Any low viscosity resin system activated by a catalyst or hardener could be employed within the hollow glass fibres. Typically, these resin systems are likely to be epoxy based (for advanced composite structures) but they could be room temperature or elevated temperature activated.
In this work, a specific temperature profile was required for a generic space application for the project sponsors, the European Space Agency. The healing resin selected for this work was a Cycom 823 resin system (Cytec Engineered Materials). This resin system was chosen to meet a specific temperature profile (namely a low earth orbit (LEO) of 90 min with a temperature profile of ±100
• C). The Cycom 823 resin system has a low viscosity and gels after 15 min at 95
• C.
The fibre diameter for each filament was chosen to have an external diameter of 60 µm ± 3 µm and an internal diameter of yielding a hollowness fraction (the ratio of internal area to external area) of 55%. The 60 µm external diameter was selected to ensure that if two fibres nestled directly on top of each other then they would not exceed a lamina thickness (see figure 3 ). Once manufactured the individual fibres are then consolidated within a 913 epoxy resin film, which was selected to match the baseline laminate material.
Once consolidated into individual self-healing plies each layer can be handled in the same way as a standard preimpregnated tape material and processed accordingly. At this stage of the self-healing layer manufacture, there is a choice of when to introduce the healing agent, i.e. the hollow fibre lamina can be processed through the autoclave cycle with no healing agent present, providing a suitable method is employed to stop the infusion of the open ends (these ends then have to be reopened to permit the introduction of the healing system), or the self-healing resin can be introduced into the hollow fibres prior to autoclave processing provided that a suitable end-capping method has been employed that can survive the composite processing method. In this study, samples using both of these approaches have been manufactured.
An evaluation has been made of the resin infusion into hollow fibre laminates. These were manufactured with hollow fibres in the 90
• direction and were infused after the autoclave processing with a pre-mixed Cycom 823 resin system (Cytec Engineered Materials) containing a UV dye penetrant (Ardrox 985 from Chemetall Plc.). This dye served to highlight the infiltration of the healing agent into the damaged area.
In the evaluation of mechanical properties, the self-healing laminates were processed in the autoclave with self-healing fibre layers already infused with the healing resin system (i.e. either the resin or hardener in neighbouring filaments, see figure 3 ). This infusion was undertaken via the application of a vacuum to draw the resin or hardener into the hollow fibres. Once fully infused the ends of the fibres are sealed with Bostik Bond Flex 100HMA high modulus silicone sealant to ensure that the healing resin or hardener cannot escape. The sealed self-healing fibre layers are then placed together and included within the stacking sequence of the parent laminate at the appropriate interface. In this study, the individual selfhealing layers are placed in the 90
• direction with the parent composite laminate extending 20 mm beyond the end of the self-healing layer in all directions.
The uncured composite laminate stack containing the selfhealing layers is then processed in an autoclave according to the manufacturer's recommendations. Once fully cured the laminate is sectioned into individual samples measuring 25 mm wide by 100 mm long. After cutting, the edges of the samples are sealed with a two-part rapid curing epoxy system (Araldite Rapid) to prevent any healing resin loss through the exposed ends of the hollow fibres. 
Evaluation of hollow fibre 'bleeding'
The same 16-ply [0
• ] 2s composite laminate stacking sequence used in the evaluation of damage initiation was replicated with the inclusion of single plies of self-healing fibres (placed in the 90
• fibre direction) located at the key damage interfaces, i.e. the +45
• /90
• interface above the midplane and the −45
• interface below the mid-plane. The aim of this testing was to ascertain the efficiency of the healing resin at infiltrating the damage site.
After the infusion of the hollow fibres with the pre-mixed Cycom 823 resin system containing a UV dye penetrant, the sample was damaged using a three-point bend indentation test (loaded to 1400 N). The sample was then instantly transferred to a heated platen and held at a constant 90
• C for 1 h. During this period time-lapse photography under UV illumination was used to record the migration of the healing resin through the damaged site. After a period of approximately 40 min healing resin migration appeared to cease. This is illustrated in figure 4.
The healed sample was then sectioned to determine whether the healing resin had remained in close proximity to its original location or whether it had migrated away from its initial interface and along the damage length. A cross-section of the healed damage (indicated in figure 4 ) illuminated under UV light is shown in figure 5 . Figure 5 clearly illustrates the extent of the infiltration by the healing resin into the damage zone when viewed along the 0
• fibre direction. This result compares favourably with the damage observed in figure 2 and would suggest that the four self-healing layer locations are ideally placed within the complex damage network to fully infuse the damage site. To understand the mechanism involved in the self-healing of the damage zone further microscopic examinations were undertaken. This examination indicated the occurrence of crushed hollow fibres under the impact zone (see figures 6(a) and (c)) and healing resin bridging the fracture surfaces (see figures 6(b) and (d)).
The result in figures 5 and 6 illustrates the success of the Cycom 823 epoxy resin system in infusing the impact damage site from four key ply interface locations.
Mechanical property determination
A methodology to assess the effect of self-healing on mechanical performance was devised. A baseline composite laminate with and without damage and a modified baseline laminate containing four self-healing plies with and without damage was undertaken. This approach permits a direct comparison of the effect of hollow fibre layers on the baseline laminate and a direct assessment of the healing capability.
The impact damage was initiated in the same manner as described above. In the case of the laminates containing the self-healing layers, Cycom 823 two-part epoxy resin was infused into the hollow fibres. Once damaged the samples were heated up to 100
• C (from ambient) in an air circulation oven and held at this temperature for 2 h. This curing cycle was selected to match the typical operational temperature profile of a composite structure in space undertaking two low earth orbits (LEOs).
Four-point bend flexural strength testing according to ASTM D6272-02 1 was selected to characterize the strength and stiffness of the baseline and self-healed samples. The four-point loading configuration ensures a region of uniform bending stress in the area of the damage between the loading noses, rather than a peak stress under the nose at the point of worst damage. A support span to depth ratio of 32:1 with the loading noses positioned at one-third of the span was selected. The tests were conducted using a loading rate of 5 mm min −1 on a Roell Amsler hydraulic test frame fitted with a 25 kN load cell. A linear potentiometric displacement transducer (LPDT) was used to record mid-span deflection, which was logged through a PC running Instron data acquisition software. The flexural strength results for the five different laminate configurations investigated under flexural testing are given in table 1 and shown in figure 7 .
The experimental results shown in table 1 illustrate the ultimate flexural strength and the percentage retained strength for the different sample configurations. The purpose of these tests was to evaluate the ability of the healing resin to repair matrix cracking and delamination damage and, therefore, it was decided to place the majority of the damage in compression. Since back-face damage is the primary impact damage mode, the back face of every damaged sample was loaded in compression.
The first point to note from table 1 is that the inclusion of four pairs of self-healing layers increased the thickness of the baseline laminate from ∼2.33 to ∼2.75 mm. The inclusion of the hollow fibres also influenced the damage tolerant nature of the composite laminate, i.e. the damage envelope in cross-section for both laminates was approximately the same (∼400 mm 2 ) but back-face fibre fracture was observed in the baseline laminates (Group B) and not in the samples containing the hollow fibres (Group D). However, in the samples with hollow fibres back-face breakout was more readily apparent. Typical photographs of the damage found in the two different laminates is shown in figure 8 . The reduction in fibre fracture may be due to the localized crushing of hollow fibres under the impact site. This appears as a darker central region in figure 8(b) . However, the reduction in fibre fracture in the • C central region has resulted in an increase in ply breakout (the outer 0
• and adjacent +45
• ply) over a larger area. This would suggest that the hollow fibre layer contained in the third 90
• ply has diffused the impact energy profile and initiated a change in failure mode.
In addition to the change in impact damage failure mode, a change in static strength failure mode was noted during the flexural testing for the undamaged, damaged and healed laminates. In the case of the undamaged laminates both group A and group C failed by fracture of the tensile face at midspan. The two laminates containing damage (groups B and D) initiated buckling of the outer plies on the compressive face that tended to propagate along the length of the sample before being arrested by the loading rollers. The samples finally failed by catastrophic failure of the tensile fibres. In comparison, the healed laminate (group E) exhibited limited upper surface buckling and failed by tensile fracture of the fibres at mid-span. Also, no delamination failure was observed between the inner loading and outer support points, a region of high interlaminar stress where a weak interfacial bond would initiate failure. This would, therefore, suggest that the inclusion of the hollow fibre layer has not generated a weak interface.
Conclusions
This work has shown that a hollow-fibre self-healing approach can be used for the repair of advanced composite structures.
In the course of this study it has been shown that hollow glass fibres containing a two-part healing resin can be manufactured and incorporated within a standard autoclave processing technique, thereby indicating that this healing approach could be readily applied to existing composite manufacturing techniques. Through the specific placement of four self-healing plies to match the critical damage threat it has been shown that a standard commercial available twopart epoxy resin system (Cycom 823) can be used for the repair of internal matrix cracking and delaminations through the thickness of a 16-ply laminate. A series of mechanical tests was undertaken to evaluate the influence on the flexural strength of incorporating hollow fibre plies into a baseline laminate. The results indicated that the inclusion of hollow fibres gives an initial strength reduction of 16%. It was found that the baseline laminate (group A) and the laminate containing the hollow fibre layers (but no healing) had comparable low energy impact damage tolerance both in terms of damage size and residual failure strength (typically 72-74%). After healing of the damage site was undertaken it was found that a self-healed laminate (group E) had a residual strength of 87% compared to an undamaged baseline laminate (group A) and 100% compared to an undamaged self-healing laminate (group B). This result would, therefore, suggest that biomimetic repair is now possible for advanced composite structures.
